ABSTRACT This paper is focused on developing an effective method to optimize the performance (e.g., advance rate and energy consumption) of a tunnel boring machine (TBM) by determining reasonable operating and structural parameters according to geological conditions. The TBM is a complex mechatronic system consisting of closely coupled subsystems. The changing of an operating or structural parameter can significantly influence the performances of several subsystems simultaneously in different manners. In addition, most of the subsystems of the TBM are subject to rock loads with server uncertainties, as a result of the probabilistic natures of rock characteristics. To overcome these challenges, multidisciplinary modeling of the subsystems of the TBM is performed to derive the performance functions and limit state functions of the whole machine. Based on design of experiment, sensitive analysis (SA) is carried out to detect the significant factors and their influences on the performances of the whole machine and the subsystems. Based on the SA results, the optimization efficiency can be improved by disregarding insignificant factors. Taking the stochastic properties of rocks into account, a reliability-based performance optimization strategy is proposed. Case studies are carried out and proved that with the proposed method, the performances of the TBM can be greatly improved while the system reliability is kept at high level.
I. INTRODUCTION
A Tunnel Boring Machine (TBM) is a construction machinery widely applied in excavating tunnels under a variety of geological conditions. Low cost, low risk, high excavating speed and high energy efficiency are the targets those are always pursued in tunnel construction. However, the everchanging geological conditions and the highly coupled subsystems of the TBM make these goals highly challenging. Improper operating or structural parameters of the TBM can result in low rock breaking efficiency, high cutting tools consumption, long excavation time and poor adaptability to complex geological conditions.
During the process of boring a long tunnel, the TBM needs to pass through a wide variety of strata whose mechanical properties differ significantly. Therefore, the operating and structural parameters of the TBM need to be adjusted or designed according to changing geological conditions, so as to achieve high-performance tunneling process.
To evaluate and predicate the performance of TBMs, lots of models have been proposed in the past decades. WIJK [1] developed a mathematic model to predict TBM performances, such as excavation load, penetration rate, etc.. Rostami et al. [2] established a prediction model of disc cutters' cutting forces. Barton [3] put forth a model for predicting TBM performances by Q TBM . Zhang et al. [4] proposed a new method concerning the prediction of life span and wear of TBM disc cutters. An analytical model was derived by Zhang et al. [5] to express the thrust and the torque acting on the equipment under a uniform geological condition. In addition to these theoretical models, some researchers proposed artificial intelligence (AI) based models for performance prediction [6] - [8] . With these models, cutter life, penetration rate, excavation load and other performance factors of the TBM can be predicted with the consideration of operating, geological and structural parameters.
Efforts have also been made on improving the performance of TBM by optimizing the structural or operating parameters. Yagiz and Karahan [9] enhanced TBM performances by using a few optimization techniques. Liu et al. [10] established a cyclic network simulation model of TBM to determine the advance rates under different geological conditions. Cutterhead thrust optimization and mucking system optimization were also performed to determine reasonable construction schedule. Huo et al. [11] and Sun et al. [12] deduced a multi-objective genetic algorithm to optimize the cutterhead layout and Pareto layout solutions were obtained. Qi et al. [13] proposed a cutter layout optimization strategy based on a grey relation analysis, and found that the position angle plays a critical role in the cutter layout optimization. These work has been proved to be effective in improving the concerned performances of the TBM.
Although the structures and performance of TBMs have been extensively studied during the past decades, the previous work mainly dealt with designing or improving a single subsystem of TBM with deterministic parameters and models. TBM is, however, a complex mechatronic system composed of closely-coupled subsystems. The changing of the operating parameters of one subsystem influences not only the performance of this single subsystem but also the performance of other subsystems. In other words, the performance improvement of one subsystem by changing its operating parameters could degrade the performances of other subsystems. A better understanding on the interrelationship among different subsystems is required to design and optimize the whole TBM system [14] - [16] . Therefore, it is essential to establish the performance models of the TBM with taking all the subsystems into consideration, as well as the coupling relationships among these subsystems.
In addition to the complicated coupling relationship, most of the subsystems of the TBM are subject to a large span of uncertain load due to the changing geological conditions and the rock spalling process [17] , [18] . In existing work, the input information, design variables, and constraints are usually treated as deterministic factors, and a deterministic optimization solution is the target. However, for the TBM optimization problems in which randomness are relatively significant, deterministic optimal designs can be unreliable with regard to TBM failures and construction accidents. Therefore, a reliability-based optimization rather than deterministic optimization must be carried out to minimize the risks during tunnel construction.
To optimize the performance of the TBM and ensure the optimization result is applicable, a reliability based optimization framework is developed, which consists of multidisciplinary modeling of the major TBM sub-systems and solving the optimization problem considering the load uncertainties. The rest of the paper is organized as follows. In Section II, the major subsystems of the TBM are analyzed and modeled mathematically. To illustrate the relationships between the influential factors and the performances of the TBM, SA is carried out based on DOE method in Section III. Deterministic and reliability based optimization strategy are introduced in Section VI and V respectively, to improve the performances of the TBM under a specific geological condition. Finally, the conclusions are provided in Section VI.
II. SYSTEM ANALYSIS AND MODELING

A. TBM AND TUNNEL BORING PROCESS
TBM is mainly composed of a cutterhead, a main bearing, a thrust system and a gripper mechanism. The main structure of a TBM is shown in Fig. 1 [19] . During the tunneling process, TBMs excavate rock using disc cutters mounted on the cutterhead. Pushed by thrust cylinders, the disc cutters create compressive stress fractures in the rock and cause the chip off of the rock in front of the cutterhead. The excavated rocks, termed as muck, are collected with muck buckets and transferred through the openings in the cutterhead to a belt conveyor and finally removed from the tunnel by muck cars. To advance, the TBM uses a gripper system that is pushed against the side walls of the tunnel. The machine is then be pushed forward off the grippers by the thrust cylinders on the two sides of the main beam. According to their individual functions, the above mentioned parts of the TBM are categorized into 4 subsystems: the rock boring system (RBS), the cutterhead driving system (CDS), the thrust and gripper system (TGS), and the muck discharge system (MDS).
B. ANALYSIS AND MODELING OF SUBSYSTEMS 1) ROCK BORING SYSTEM
RBS is the key subsystem of a TBM which directly interacts with the rock, and determines the excavating efficiency and cost. As shown in Fig.1 , the RBS consists two parts, namely the cutterhead and the disc cutters. There are also muck buckets distributed on the edge of the cutterhead but belong to MDS.
During the rock boring process, the rotation of the cutterhead causes the cutters to roll in concentric tracks on the cutting face. Meanwhile, the rolling cutters move forward in the axial direction with the cutterhead, and penetrate into the rock face under the thrust force. The main structure of the constant wear flat disc cutter is illustrated in Fig.2 , where r c is the cutter radius, δ is the cutter tip thickness, h is the VOLUME 6, 2018 penetration depth per revolution, and H is the wear height. The total rock cutting force of the cutter with equal tip thickness can be calculated with the Colorado School of Mines (CSM) method as [21] 
where C is the pressure distribution factor; σ c is the uniaxial compressive strength, Pa; σ t is the Brazilian tensile strength of rock, Pa; and S is cutter space in axial direction, m; ϕ is the contact angle, rad. ϕ can be calculated as
Accordingly, the normal force F N and the rolling force F R of the disc cutter can be derived as
Directly acting with rock, disc cutters are typical consumable parts in TBM. The replacement of cutters is quite complex and time-consuming. The time and economic efficiencies are essentially determined by the wear of the cutters. Closely related to the penetration and the abrasiveness of the rock, the cutter life of flat disc cutters can be expressed with the measurement of the rolling distance [1] 
where κ is the cutter wear coefficient, Pa 2 /m; and C AI is the Cerchar abrasivity index.
2) CUTTERHEAD DRIVING SYSTEM
During the tunnel excavating process, an extremely large output torque of CDS is required to drive RBS. More than half of the total power of TBM is consumed by CDS. Therefore, CDS must have the properties of high power and high torque output. According to the previous work, the driving torque of CDS mainly consists of four parts [5] :
where T 1 is the ground friction torque on the cutterhead panel, Nm; T 2 is the ground resistance torque on cutters, Nm; T 3 is the friction torque between the side of the cutterhead and the ground, Nm; T 4 is the mixing torque inside a chamber, Nm. Among torque components, T 2 is directly related to the operating parameters of TBM, e.g. the penetration and rotating speed of the cutterhead. It can be written as
where F Ri is the rolling force of the ith cutter, N; r i is the installation radius of the ith cutter, m. Combining with (1) and (3), the ground resistance torque can be derived as
3) THRUST AND GRIPPER SYSTEM
The moving forward of TBM in the axial direction of the tunnel is driving by the thrust system that is composed of a group of hydraulic cylinders. One end of the thrust cylinder is connected to the main beam of TBM with a spherical joint and, the other end is linked to the gripper system, which acts as the counter-force apparatus.
An appropriate cutter load is required to reach a certain penetration rate. The sum of the cutter loads and the friction forces caused by the body of the machine, provides the total thrust load. For the rock to be bored through, the thrust load has to be overcome by the thrust force provided by the thrust cylinders. Equivalent to the thrust load, the thrust force can be calculated as [22] , [23] 
where F 1 is the sum of the cutter loads, N; F 2 is the friction force between the TBM shell and rock, N; F 3 is the normal force on the rear board of the pressure chamber, N; F 4 is the normal force on the cutterhead panel caused by earth pressure, N; F 5 is the traction force for the backup system, N. Among the five parts, F 1 and F 2 account for the majority of the total thrust load and can be calculated respectively as
where N is the number of cutters; µ s is the frictional coefficient; and W F is the contact force between the shell and the rock caused by the gravity, N. The total thrust force, which has to be exerted axially, is transferred by the gripper system into the rock. The actual grippers brace themselves with hydraulic rams against the tunnel wall. Then, the friction force between the gripers and the tunnel wall acts as the contour-force of the total thrust force, and can be written as
where p c is the working pressure of the gripper cylinder, Pa; µ s is the frictional coefficient between the gripper shoe and the tunnel wall; and D g is the diameter of the gripper ram, m. The hydraulic power consumed by the gripper system as a result of the overflow of a relief valve is
4) MUCK DISCHARGE SYSTEM
The crushed rock by disc cutters forms chip-shaped muck and must be removed in time to prevent the secondary wear of cutters and the cutterhead panel. The rock chips are firstly collected by the muck buckets on the cutterhead and finally discharged by the conveyor belt and the muck cars. Taking the cubical dilatation of rock chips into consideration, the volume of rock spalled off with cutters per unit time can be written as
where v is the thrust speed, m/s; S w is the coefficient of volumetric expansion; and D c is the cutterhead diameter, m. The muck discharging capacity of a TBM is determined by the number of buckets on the cutterhead and the belt conveyor. It can be written as
where w d is the allowable mass flow of muck, kg/s; and ρ d is the density of muck, kg/m 3 .
C. PERFORMANCE FUNCTION OF TBM
Energy consumption, construction period and cost are the three major performances to be considered during the tunnel boring process. During boring a tunnel, most of the energy is consumed by TGS and CDS, to drive TBM to move forward and the cutterhead to spall the rock off, respectively. The required power of TGS and CDS can be calculated respectively as
After a bore stroke is reached, the boring process is interrupted so that the machine can be moved with the help of the gripper system. The time spent on boring a tunnel can be divided into three parts, namely the excavating time, the cutter replacing time and the maintenance time. It can be determined as t = t e + t r + t m (18) where t e is the excavating time, min; t r is the cutter replacing time, min; and t m is the maintenance time, min. These three parts can be calculated respectively as
where L is the tunnel length, m; t c is the replacing time of single cutter, min; ε is the maintenance time coefficient; and L sum is the sum of the rolling distances of all the cutters, it can be calculated as
The tunnel construction cost considered herein includes the rent for TBM and the money for replacing the worn cutters. According to Wijk's work, the tunnel construction cost per unit length can be calculated as [1] 
where M is the rent of the TBM during normal excavation, $/min; N c is the number of replaced cutters; and C c is the cost of a single disc cutter, $.
III. DESIGN OF EXPERIMENTS (DOE) ANALYSIS
Once the performance functions are established, the effects of the operating, the geological and the structural parameters on the performances of a TBM can be evaluated via DOE analysis. Herein, the Latin Hypercube Sampling (LHS) method is used as the method of DOE. Taking the 7.93 m TBM as an example, the major technical specifications are listed in Table 1 . In experimental design, 500 sampling points are generated according to the variation ranges of the input parameters shown in Table. 2.
Based on the DOE results, the effects of the input factors on the responses t, C m , F t , N c , P b and P t are analyzed and illustrated in the so-called Pareto Plot in Fig. 3 , which is an ordered bar chart that displays the quantitative effect of each factor on a selected response .Gray bars indicate positive effects on responses, while green bars indicate negative effects. The different patterns shaded on the bars denote the VOLUME 6, 2018 factors belonging to the different subsystems of TBM. Based on the Pareto plots, the following points can be drawn:
(1) As a Pareto Plot displays the effects of impact factors on a selected response in a downwards order, the factors with little influences on the responses can be figured out, and the optimization efficiency can be improved by disregarding these factors. For instance, with respect to the objectives t and C m in Fig. 3(a) and Fig.3(b) , factors r c , p c , S, and S W can be considered as insensitive factors and can be neglected in the correlation analysis and the optimization process. (2) According to Fig.3 (c) , although the total force F t on a cutter is a variable belonging to RBS, it is greatly influenced by the factors belonging to other subsystems, such as ω (belonging to CDS), and v (belonging to TGS). (3) According to Fig.3 (e) , the factor that influences the driving power of CDS most is v, which belongs to TGS. In other words, the most influential factor on the performance of one subsystem might be a factor belonging to another subsystem rather than itself. (4) The factor of one subsystem can have positive and negative influences on the performances of other subsystems at the same time. According to Figs.3 (c)-3 (f), the rotation speed of cutterhead ω does not only influence F t (belonging to TGS) and P t (belonging to TGS) negatively, but also influence N c (belonging to RBS) and P b (belonging to CDS) positively. Based on the above analysis, for TBM, such a complex system, the changing of the operating parameters of one subsystem can influence the performances of both this subsystem and the others. Therefore, the traditional optimization of a single subsystem is inadequate. A multidisciplinary design optimization is necessary for improving the performances of the whole TBM system.
In addition to the sorting and the screening of the design variables, the optimization of the input parameters towards the objectives can be obtained via DOE analysis. Herein, the highly ranked factors, the summing up of whose effect index is up to 90% in Perato plots, are taken as active factors and the rest factors are taken as inactive factors. For the performance factors t and C m , v, C AI , δ, H , ω, σ t , and σ c are the active factors, which are selected according to Fig.3 (a) and Fig.3 (b) . By varying these parameters, the contour plots of t and C m can be obtained and shown in Fig.4 (a) and Fig.4 (b) , respectively.
According to Fig.4 (a) and Fig.4 (b) , by increasing the thrust speed v, both t and C m can be reduced remarkably, regardless of the varying geological and structural parameters. The increasing spaces with v in the first columns of t-contour and C m -contour indicates that the descending rates of t and C m decrease with the increasing v. Both t and C m can be increased by increasing ω, since larger cutterhead rotation speed causes the increase of replacing rate of disc cutter in practice. In addition, the influence of ω is coupled with other parameters remarkably. Under different geological conditions, ω influences t and C m in different manners. For example, as indicated by the second columns in Fig.4 (a) and Fig.4 (b) , with high C AI , σ t , and σ c , both t and C M increase greatly with increasing ω. In contrast, ω has little influences on t and C M when C AI , σ t , and σ c are low. That is, for less abrasive and soft rocks, decreasing ω is not an effective way to reduce the construction cost.
According to the above analysis, the contour tiles with respect to the structural and geological parameters provide very meaningful information on choosing the appropriate parameters in designing or operating a TBM according to the geological conditions. This is usually quite challenging for inexperienced operators to control so many parameters and take a large number of factors into consideration. With the help of the contour plots, it gets easier for the operators of TBM to fine tune the operating parameters of TBM under real-time working conditions.
IV. DETERMINISTIC PERFORMANCE OPTIMIZATION A. LIMIT-STATE FUNCTION AND CONSTRAINTS ANALYSIS
When a subsystem or a part of TBM exceeds a specific limit, it is unable to perform as required, and this specific limit is called a limit state. For TBM such a giant and complex system, malfunctions usually cause enormous economic and time losses and even threatens people's life. According to the operating principle of TBM, several key limit states are discussed and established as follows.
Excessive wear of the cutters and the panel of the cutterhead arises when the muck is not removed timely by an insufficient muck discharging capability. Taking the generated and discharged muck into consideration, a limit-state function for the assessment of the musk removal capacity is written as
During the rock spalling process, cutters and cutter housings are under extremely high loads. Cracks can occur in cutters and their housings as a result of overload.
To avoid this kind of damage, the allowable cutter load (e.g. 250 kN for a 432 mm disc cutter) should not be exceeded. The corresponding limit-state function can be VOLUME 6, 2018 Driven by hydraulic cylinders, the thrust force of a TBM is positively proportional to the working pressure of the electro-hydraulic system and of course, has a limit. Considering the maximum thrust force under a given system pressure (e.g. 15257 kN at 35 MPa), the corresponding limit-state function is described as
Similar to the thrust force, the cutterhead driving torque, provided by several parallel-installed AC motors or hydraulic motors, is limited. When the resistant torque of the RBS exceeds the maximum driving torque (6800 kNm), the cutterhead will be stuck. The limit-state function for maximum cutterhead driving torque is
During the tunnel boring process, the gripper shoes are braced against the tunnel walls by hydraulic rams, in order to align the TBM with the tunnel and transfer the thrust force into the rock via friction force. To avoid misalignment of TBM caused by slippage of the gripper shoes, the frictional resistance must be larger than the total thrust force, and the corresponding limit-state function is written as
The life span of a disc cutter is usually measured in the distance that it has travelled. The efficiency and economy properties are mainly determined by the life span of cutters. Hence the cutter life should not be too short and the corresponding limit-state function is derived as
The compressive strength, anti-wear property and life span of a disc cutter are directly related to the lengthwidth ratio λ (H /δ). Given all these factors, λ should be less than 1.5 [1] . Hence, the limit-state function can be defined as
To ensure the excavating economy of the tunnel, the cost per unit lengthC m should not exceed 2000 $/m. The according limit-stat function can be defined as
The hydraulic pump of TGS is driven by electrical motor. For a specific TBM, the required output power of TGS should not exceed the power of the driving motor. Hence, the corresponding limit-state function can be written as
where η h is the power transmitting efficiency of the valve-controlled hydraulic system. Similar to TGS, the practical output power of CDS should be lower than the total power of its driving motors. Thus, the corresponding limit-state function can be written as
where η g and η p are the power transmitting efficiencies of the parallel shaft gear reducer and the planetary reducer, respectively. Base on the limit-state functions established above, the deterministic constraint equations can be derived as
X p is the vector of design parameters and X v is the vector of design variables. The difference between a design variable and a design parameter is that the former is changeable and controllable in a design process while the latter is not.
B. FORMULATION OF DETERMINISTIC OPTIMIZATION (DO) PROBLEM
Generally, the energy consumption, the construction period and the cost are the major performances which should be considered during the tunnel boring process. The performance optimization can be formulated as multi-objective. However, the minimum construction period is usually set as the overall objective while the cost and energy are taken as constraints. Taking the construction period as the optimization objective, the mathematical formulation of the performance optimization problem can be expressed as
According to the inherent characteristics of the physical parts, the lower and upper bounds of the design variables are determined as follows and listed in Table. 3. In addition, other structural and geological parameters of the TBM have been listed in Table. 1. 
C. DETERMINISTIC OPTIMIZATION RESULTS
The convergence history of the objective function is shown in Fig.5 , where the iterative curve approaches to the optimal construction period of approximate 1023.6 h. Compared with its initial value 2256.3 h, the construction period has been reduced by 54.63 %, which means the proposed optimization strategy is effective. The detailed optimization results together with the design variables, constraints and optimization objective are listed in Table. 4.
Specifically, the values of the energy consumption and cost are plotted in Fig. 6 to illustrate how these two performances are changed during the optimization process. With the downwards trend of the construction period, the construction cost per unit length C m declines from 570 $/m to 319 $/m. Nevertheless, the required power of the tunnel boring process P e increases from 1465 kW to 2903 kW. According to Fig. 3(e) and Fig. 3(f) , the thrust speed v is the most influential factor on P b and P t ; moreover, both P b and P t are positively correlated with v. Based on the data given in Table 4 , to minimize the construction period, the thrust speed v is largely increased. As a result, an increased power requirement is inevitable. This brings great challenges to the design of the structure and the cooling system of TBM.
The value of a constraint equation indicates the margin of safety between the capacity and the burden of machinery. In practice, the active constraints are easily to be violated under uncertainty loads or variations of operating parameters. According to the optimization results in Table. 4, the constraints g c and g l are increased by 99.53% and 96.57%, respectively. To show these values more intuitively, the convergence trajectory of the objective function in the g c -g l coordinate is plotted in Fig.7 . It is obvious that the optimal point is located at the boundary of the feasible region. Even a subtle changes in design variables or design parameters would cause the violation of these two constraints. Therefore, the optimization results are not reliable or applicable in practical tunnel constructions. To overcome this problem, the influences of uncertainty parameters must be taken into consideration. VOLUME 6, 2018 
V. RELIABILITY BASED PERFORMANCE OPTIMIZATION A. UNCERTAINTITY ANALYSIS OF THE DO RESULT
The rock cutting process contains numerous stochastic factors in nature. In this section, these factors are investigated based on the geological conditions of the Queens Water Tunnel # 3, stage 2 [24] , [25] . Among these stochastic factors, random properties of rocks are the most significant ones, which directly influence excavating loads, penetration rate, energy consumption, and cutter life, according to (1) ∼ (22) .
Stochastic natures of rocks have been well studied and summarized in the past. Descriptive statistical distributions of the rock properties and the corresponding random variables are shown in Table. 5 [24] . These rock properties will be used in the subsequent optimization process. In Table. 5, B I denotes the brittleness of the rock, D w denotes the average distance between weak planes, and α denotes the angle between the tunnel axis and the planes of weakness.
Since it may result in the loss of lives and major financial losses, the ultimate constraints g c and g l should have a very low probability of failure (POF), i.e. <5%. Considering the variations of the geological parameters in Table. 5 and utilizing the first-order reliability method, the overall distributions of g c and g l are estimated and shown in Fig. 8(a) and Fig. 8(b) , respectively. As shown in this figure, the POFs of g c and g l are as high as 48.6% and 45.4%. That is, when the TBM operates under the parameter set obtained via the deterministic optimization, the probability that the thrust force exceeds the counter-force of gripper system is 48.6%; and the probability that the disc cutter is overloaded is 45.4%. The POFs of all the constraint conditions are listed in Table. 6. According to Table. 4, although g d , g m , and g pe are reduced significantly, their POFs are still kept low than 5%. The high POFs of the g c and g l constraint conditions suggest that reliability based performance optimization is highly necessary.
B. FORMULATION OF THE RELIABILITY BASED PERFORMANCE OPTIMIZATION PROBLEM
Considering the variations of design parameters and taking the mean value of the construction period µ t as the optimization objective, the mathematical formulation of the probabilistic optimization problem is formulated as
where R i is the required reliability for the ith of constraint condition; n g is the number of constraints; X pd is the vector of deterministic design parameters; and X pr is the vector of random design parameters which are listed in Table. 5. µ X v is the mean value of the random design variable X v .
In the above probabilistic design model, the design feasibility is formulated as the probability (Pr) of constraint satisfaction g i X pd , X pr , X v ≤ 0 equal to or greater than a desired probability R i . The probability of constraint satisfaction (POS) is also called the reliability, which is equivalent to 1-POF in value [26] .
C. RELIABILITY-BASED OPTIMIZATION RESULTS
The convergence history of the reliability-based optimization (RBO) problem is shown in Fig.9 . The objective curve approaches to the optimal construction period of approximately 1117.8 h, which is reduced by 50.46 % with respect to its initial value. Compared with the DO result 1023.6 h, however, RBO leads to an inferior result. The reason is that DO can push the design point to the strict boundaries of constraints (as shown in Fig. 7) , whereas RBO does not so that the optimal output can be kept from breaching the active constraints due to the variations of the geological conditions. According to Fig.9 , the values of two tight constraints g c and g l are reduced to -1467.8 kN and -63.37 kN at the optimal point, respectively. To show these values more intuitively, the distributions of the design points in the g c -g l coordinate is plotted in Fig.10 . As shown in the figure, relatively long distance exist between the optimal design point and the limit states of g c and g l . Moreover, an uncertainty analysis is proposed at the optimal point (iteration 41).
The overall distributions of g c and g l in RBO are shown in Fig.11 (a) and Fig.11 (b) , respectively. According to this figure, the POFs of g c and g l are merely 1.44 % and 4.65 %, respectively. These values are a great reduction from the DO results. In other words, the reliabilities of g c and g l satisfaction are respectively as high as 98.56 % and 95.35%, and are higher than the system required reliability 95% as well. To illustrate how the probabilities of constraints change during the optimization process, the convergence history of g c and g l is given in Fig.12 . It can be seen that the reliabilities of the two constraints are kept higher than 95%.
Based on the above analysis, the performances of the TBM can be improved a lot via RBO, even though the corresponding values are a little smaller than those obtained by DO. Meanwhile, the reliability of the whole TBM system can be kept at a high level, which means the damages of the TBM are far less likely when it operates at the optimal point even sever uncertainties exist. The detailed optimization results via RBO are listed in Table. 7. These results can be applied in designing and operating the TBM in practice. 
VI. CONCLUSIONS
This paper developed a reliability based multidisciplinary optimization method for determining the major structural and operating parameters of the TBM. Based on the work in this paper, the following conclusions were drawn.
To establish the limit-state functions and performance functions of the TBM, multidisciplinary modeling of the whole machine is necessary. SA based on the DOE method was valid in screening the significant factors and revealing the ways they influence the system performance. Via DO method, the performance of the TBM can been improved significantly, whereas the optimization result is not applicable in practice regarding the low system reliability. Taking the stochastic properties of rocks into account, the proposed reliability based performance optimization strategy was proved to be a very effective in overcoming the drawbacks of DO method. It can optimize the performance of a TBM according to the changing geological conditions with uncertainties, and meanwhile, keep the system reliability at a high level. His current research interests include adaptive robust control, robotics, and electro-hydraulic system.
